A multi-electrode array is commonly applied in a plasma sparker to generate stable acoustic pulses. In this paper, the effects of the electrode configuration on the performance of a plasma sparker have been investigated. In terms of the load electrical characteristics, the electrode radius and distance have negligible influence on the electric characteristics, whereas a larger electrode number results in a smaller voltage and a larger current but has little effect on the load energy. Regarding the acoustic characteristics, both the expansion and collapse pulses can be increased by decreasing the electrode tip radius. the influence of the electrode number and electrode gap distance on the amplitude of the expansion pulse was found to be negligible. And the amplitude of the collapse pulse decreases significantly with increasing electrode number. Increasing the electrode number decreases the energy efficiency for intense bubble interactions, thus, a small electrode tip radius and a small electrode number are preferred for the design of a plasma sparker if the total discharge energy is given.
Introduction
Sparkers have been used in oceanic seismic surveys for several decades. These were first developed based on a pulsed arc discharge in water, in which an arc channel bridges a pair of electrodes placed close to each other with super high-density current. The arc channel generates intense acoustic pulses when it expands because of the high inner temperature (up to 30 000 K) and pressure (up to 1000 atm) [1] . The first commercial sparker was produced by Alpine Geophysical in 1957. However, that sparker had some serious disadvantages, such as the fast erosion of electrodes and severe acoustic signal oscillations [2] . At the end of the 1990s, a new sparker (also called plasma sparker) was developed for high-resolution seismic investigation, this sparker had a new type of discharge configuration, in which the plasma occurred only at the electrode tip, and the highly conductive water acted as the other electrode. By using semi-conductive switches and a multi-electrode array, the plasma sparker can output very stable acoustic pulses and prolong the electrode lifetime even up to several years [3] .
The multi-electrode array acts as not only the load in the circuit but also the electroacoustic transducer, and includes a large number of discharge electrodes connected in parallel. Thus, it has significant influence on the plasma sparker. When a sufficiently high voltage pulse is applied to the multielectrode array, electrical discharges occur and acoustic pulses are generated in the water. The electroacoustic process in a plasma sparker with a single electrode has been studied theoretically and experimentally in our previous work [4] . The electro-thermal process explains the mechanism of the plasma ignition process, and the plasma-containing bubble plays a key role in the electroacoustic energy transition process. According to the energy partition model, the electroacoustic energy efficiency of the plasma sparker is below 3% [4, 5] , which is smaller than that of the old sparker based on arc discharge (>6%) [6] . To improve the energy efficiency, it is important to study the multi-electrode array, especially its effects on the electroacoustic process. Based on the sparkers available in the market, there are three main kinds of multielectrode arrays including panel-like, fishbone-like, and broom-like, produced by GEO-Resources (a company supplying geological-geophysical services and products) [7] , SIG, and Applied Acoustics, respectively. The designs of the electrode configurations are based on their semi-empirical experiences. The present experimental study focuses on the influence of the electrode configuration, namely, different electrode tip radiuses, electrode numbers, and electrode gap distances, on both the electric and the acoustic characteristics of a sparker and tries to find a quantified solution for future multi-electrode array designs.
Experimental setup
The experimental setup has been mainly introduced in a previous work [8] . Several kinds of discharge electrodes are used, including electrodes with different tip radiuses (0.4, 0.7, and 0.9 mm) and electrode numbers (1, 2, 5, and 10). The discharge electrode consists of a line copper electrode covered by an insulating layer commonly used in commercial plasma sparkers. Figure 1 
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Electrodes with different tip radiuses
According to the electro-thermal mechanism, a larger current density at the electrode tip speeds up the evaporation process for generating a plasma-containing bubble and reduces the energy consumption in the pre-discharge process [4] . The tip radius and the water conductivity determine the load resistance. Figure 2 (a) presents the electrode tip model for a single discharge electrode. Assuming that the electrode tip is ideal hemispherical and the electrode gap is infinite compared with the electrode tip dimension, the load resistance can be calculated as:
where σ 0 is the water conductivity. Figure 2 (a) shows the load resistance of a single discharge electrode calculated with equation (1) for different tip radiuses. The data show that the resistance decreases from 150 to 15 Ω when the tip radius increases from 0.2 to 2 mm. For instance, the discharge electrodes with a tip radius r 0 of 0.4, 0.7, and 0.9 mm have resistances before discharge of 75, 43, and 33 Ω, respectively. A larger load resistance usually generates a higher load voltage and a smaller current. However, according to the measurement results shown in figures 3(a) and (b), the influence of the electrode tip radius on the voltage and current is limited. The reason for this may be that the resistance varies during the discharge period, as shown in figure 2(b), initially decreasing due to the plasma-containing bubble generated at the electrode tip and then increasing again because of the quenching of plasma. This effect can be equalized by increasing the tip radius because the plasma is highly ionized. The large fluctuation at the end of the discharge results from the measurement error when the discharge current is close to the sensitivity of the current sensor. By integrating the product of the voltage and current, the load energies for different electrode tip radiuses can be obtained (as shown in figure 4 ), which remain almost the same. Moreover, the discharge energy in this paper refers to the electric energy stored in the capacitor. Thus, it can be concluded that electrode tip radius has little influence on the electric characteristics of the plasma sparker. Figure 5 (a) shows the typical acoustic pulses when the discharge energy is 30 J/pulse. The amplitude of the expansion pulse with a tip radius of 0.4 mm is bigger than that of the other two pulses with larger tip radiuses. The amplitude of the collapse pulse clearly increases with the decreasing electrode tip radius. The bubble oscillation period between the expansion and collapse pulses also increases, which indicates a lower fundamental frequency. The fundamental frequency is also the dominant frequency of the rarefaction pulse produced the oscillating bubble and approximately equals the reciprocal of bubble oscillation period [9] . For a discharge energy of 30 J/pulse, for example, the bubble oscillation period increases from 2.3 to 3.0 ms and the fundamental frequency decreases from 440 to 335 Hz, as shown in the spectra in figure 5(b) . This result provides an additional method for decreasing the dominant frequency of a plasma sparker aside from increasing the discharge energy.
Based on their waveforms, as shown in figure 5(a) , the acoustic energies can be calculated as:
where r is the distance between the discharge electrode and the hydrophone, p is the pressure recorded by the hydrophone, and ρ and c refer to the water density and sound speed in water, respectively. Figure 6 (a) shows the acoustic energies versus the discharge energies under different electrode tip radiuses. The acoustic energy clearly increases with the decreasing electrode tip radius. Regarding the electroacoustic energy efficiency, the definition of E a /E dis is used, where E dis is the discharge energy.
As shown in figure 6 (b), the energy efficiency for a tip radius of 0.4 mm is 1.5 to 2.5 times and 2 to 5 times higher than for tip radiuses of 0.7 and 0.9 mm, respectively. This result provides an efficient technical solution toward improving the energy efficiency of a plasma sparker, in addition to decreasing the energy consumption in the circuit. Furthermore, the energy efficiency for a tip radius of 0.4 mm decreases from around 6% to 3% when the discharge energy increases from 5 to 30 J, whereas that of the other two electrodes changes little. The difference is induced by the much larger acoustic energies of 0.4 mm at smaller discharge energies.
Different electrode numbers
In the application in seismic investigation, the multi-electrode array typically consists of tens or hundreds of discharge electrodes connected in parallel. The bigger the electrode number is, the smaller the resistance of the multi-electrode array. Thus, aside from the electrode tip radius, the electrode number is also important in the electrical design. The electric energy delivered to each electrode clearly decreases with the increasing electrode number, as does the bubble radius generated by the pulsed discharge. As a result, the fundamental frequency of the acoustic pulses increases because a smaller bubble generates a shorter oscillation period, as reported in our previous work [4] . In the present experiment, electrode numbers of 1, 2, 5, and 10 are tested. The electrode tip radius and electrode gap distance are 0.7 and 5 mm, respectively. Figure 7 shows the voltage and current waveforms on the load for a discharge energy of 30 J/pulse as an example. When the electrode number increases from 1 to 10, the peak voltage decreases and the peak current increases significantly. This can be explained by the decreasing load resistance as the electrode number increases. The load energy results shown in figure 8 indicate that the differences are negligible, especially when the discharge energy is small. Figure 9 (a) shows the acoustic pulses generated by the different electrode numbers when the discharge energy is 30 J/pulse. The electrode number does not induce a significant difference in the amplitude of the expansion pulse, whereas both the amplitude of the collapse pulse and the bubble oscillation period decreases prominently with the increasing electrode number. As previously discussed, for a given discharge energy, a larger electrode number generates a smaller discharge energy delivered to each electrode. Thus, it is easy to understand the decrease in the bubble oscillation period from 2.6 to 1.3 ms when the electrode number increases from 1 to 10. Because the hydrophone is placed along the axis of the electrode array, the superposition mechanism that all pulsed waves superimposed at the point of Figure 5 . Acoustic pulses generated by a single discharge electrode and corresponding spectra. the hydrophone can explain the reason why the amplitude of expansion pulse remains stable. However, it is difficult to understand why the amplitude of collapse decreases. In our previous work, the collapse pulse for a single bubble was found to be mainly determined by the bubble energy and the characteristics of the surrounding water [8, 10] . The interaction among several bubbles generated simultaneously will have a significant effect on the radiation of acoustic pulses, especially when the gap distance is close to or smaller than the bubble size [10] . In the present experiment, the discharge energy per electrode ranges from 0.5 to 15 J (for N = 1, the maximum discharge energy is 30 J). According to our previous results [4] , the bubble radius can vary from about 3 to 10 mm. Given the electrode gap distance of 5 mm, the decreasing collapse pulse could be due to the interaction effect. The details of the bubble interaction are discussed in the next section. The spectra shown in figure 9(b) indicate that the fundamental frequency increases from around 400 to 760 Hz when the electrode number increases from 1 to 10, which coincides with the results for the bubble oscillation periods. Figure 10 (a) presents the acoustic energies for different electrode numbers and discharge energies. A larger electrode number generates a smaller acoustic energy. This result coincides with our previous findings about the interaction of bubbles generated by a bipolar discharge [11] . Additionally, the acoustic energies of 5 and 10 electrodes are very close. Figure 10 (b) shows the energy efficiency of E a /E dis . The results show that a single electrode has the highest energy efficiency, up to 4 times higher than that of 10 electrodes. With the increasing discharge energy, the energy efficiencies for three electrode numbers all vary within a small range. Thus, a small electrode number is recommended toward improving the electroacoustic energy efficiency.
Electrodes with different gap distances
The electrode gap distance should also be considered in the multi-electrode array design. The effect of the bubble interaction is jointly determined by the bubble size and the distance between the bubbles. As discussed previously, the interaction effect cannot be neglected if the distance is close to or smaller than the bubble size. Intense interactions, such as jet flow [12] and merging of one bubble into another [8] , can be found. In the present experiment, gap distances of 5, 7, and 10 mm for 2 and 5 electrodes are tested. Due to the limited reactor volume, the gap distance effect of 10 electrodes is not considered. Figure 11 presents the voltage and current waveforms on the load for different gap distances. The data show that the gap distance has little influence on the electric parameters for both 2 and 5 electrodes. The load energies shown in figure 12 also indicate that there is no change for different electrode numbers and electrode gap distances. It can thus be concluded that the effect of gap distance on the electric characteristics of a multi-electrode array is negligible.
Regarding the acoustic characteristics, figure 13(a) shows the typical waveforms when the discharge energy equals 30 J/pulse. The expansion pulse remains the same except for the condition of 5 electrodes with a gap distance of 10 mm. This may be due to the relatively smaller interaction between bubbles with a small radius and a large gap distance. The bubble oscillation periods also do not change with the electrode gap distance and are around 2.3 and 1.8 ms for 2 and 5 electrodes, respectively. This can be attributed to the discharge energy being evenly delivered to each electrode. The spectrum results shown in figure 13(b) confirm that the electrode gap distance has little influence on the fundamental frequency. There are only two single fundamental frequencies: around 460 and 580 Hz for 2 and 5 electrodes, respectively. According to our previous results, the bubble oscillation periods are 1.9 and 1.3 ms for a single bubble when the discharge energies are 15 and 5 J (close to 6 J in this experiment), respectively [4] . These are both smaller than the results obtained with the same discharge energy per electrode. The only reasonable explanation for this could be that the bubbles in this multi-electrode experiment merged together and became larger than those in the singleelectrode experiment, which would also result in a lower fundamental frequency.
Regarding the acoustic energy and energy efficiency, the results presented in figure 14 show that there is no significant difference for different electrode gap distances except for the condition of 5 electrodes with a gap distance of 10 mm. The energy efficiencies for the gap distance of 10 mm are much higher than those for 5 electrodes with other gap distances. This could be due to the higher expansion pulse, as shown in figure 13(a) .
Conclusion
In this study, detailed experiments were done to determine the effects of the electrode configuration, including different electrode tip radiuses, electrode numbers, and electrode gap distances, on the performance of a plasma sparker. The main conclusions are as follows:
(1) The electrode tip radius has little influence on the electric characteristics of a plasma sparker, but the acoustic pulses and the electroacoustic energy efficiency increases significantly with a decreasing electrode tip radius. (2) A larger electrode number results in a smaller voltage and a larger current on the load, whereas the energy on the load changes little. The electrode number has no influence on the expansion pulse, but both the collapse pulse and the bubble oscillation period decrease with an increasing electrode number. For a given discharge energy, a small electrode number is preferred toward improving the electroacoustic energy efficiency. (3) The electrode gap distance has a negligible influence on the electric characteristics, but the bubble interaction effect when the gap distance is close to or smaller than the bubble size cannot be neglected. The merging of bubbles increases the bubble oscillation and decreases the fundamental frequency. The gap distance has little influence on the amplitude of the acoustic pulses and the energy efficiency except for 5 electrodes with a gap distance of 10 mm. This may be due to the smaller interaction between bubbles with a relatively small radius and a large gap distance.
